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1
SNAPSHOT ELLIPSOMETER

This Application 1s a CIP of application Ser. No. 16/350,
204 Filed Oct. 12, 2018.

TECHNICAL FIELD

The present invention relates to ellipsometers and the like
systems for measuring the optical properties and physical
parameters of samples. More particularly, the present inven-
tfion relates to spectroscopic ellipsometers that characterize
samples by spatially varying the polarization state of a
measurement beam including data readout using digital light
pProcessore.

BACKGROUND

In traditional ellipsometry, the polarization state of a beam
of electromagnetic radiation 1s modulated and/or analyzed
by varying at least one polarization state parameter as a
function of time. Rotating-optic ellipsometers linearly vary
the azimuthal position of at least one optical element by
rotating the element. Each rotating element induces a tem-
poral modulation 1n the signal intensity at a frequency
related to the rotation rate of the optic. Early developments
employed rotating analyzers or polarizers which were
unable to measure the sign of the phase change (A) caused
by a sample. Later improvements took advantage of rotating
compensators to provide sensitivity to this parameter.
Another type of ellipsometer uses photoelastic modulators to
vary the retardance of an optic as a function of time,
typically 1n a sinusoidal manner by imparting a voltage on
a piezoelectric transducer that induces stress 1n a photoelas-
tfic crystal. This stress results 1n a varying birefringence
within the crystal and results in retardance 1n the measure-
ment beam. In each of the above types of ellipsometer, the
temporal modulation 1n the signal intensity 1s analyzed to
determine optical properties of the sample.

In general, elements such as rotating compensators and
photoelastic modulators have several drawbacks. Because
the polarization modulation 1s a function of time, multiple
measurement frames must be captured to completely
describe the polarization state of the beam. For this reason,
the measurement speed for any temporally modulated ellip-
someter 1s fundamentally limited by its hardware. For mov-
ing or rapidly changing samples, such as 1n coating pro-
cesses, 1t would be advantageous to complete a
measurement with stationary optics. A stationary-element
ellipsometer could also potentially be more stable, simple,
and compact than a temporally modulated system.

To overcome the limitations of prior art ellipsometers,
several designs for systems that eliminate the use of tem-
poral modulation of the detected beam have been proposed.
Channeled ellipsometers and polarimeters encode 1nforma-
fion about the polarization state of the beam onto the same
dimension of the detector uftilized for spectral or spatial
information. In spectrally channeled ellipsometry, this 1is
accomplished using a multi-order retarder. The retarder has
polarization effects that are strongly wavelength-dependent,
thereby creating a strong modulation pattern at a higher
frequency within the spectral intensity profile. Similarly,
spatially channeled systems modulate the intensity along
one or both dimensions of an 1mage plane by 1maging a
spatially varying optic such as a wedged retarder. Systems
that utilize this approach have potential to capture a great
deal of information about the spectral, polarization, and
spatial components of a beam simultaneously, as described
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by Oka et al. in U.S. Pat. No. 7,336,360B2. The major
drawback of channeled systems 1s that the information
related to each variable must be separated. In much prior art,
this 1s accomplished by Fourier transforming the resulting
intensity information to pick out the characteristic frequen-
cies of each individual source of modulation. Several draw-
backs of this technology include more complex signal
processing, increased noise, and decreased resolution.
Snapshot ellipsometers and polarimeters can provide the
benefits of stationary optics without the drawbacks of chan-
neled systems. In snapshot systems, spatial modulation of
the signal 1s induced by 1maging a spatially varying optical
element onto a dedicated dimension of a multi-element
detector. If a two-dimensional detector 1s used, the other
dimension can be used to capture information related to
spectral, angular, or spatial characteristics of a sample or
beam. In the case of snapshot spectroscopic ellipsometry, an
additional element separates the electromagnetic radiation
spectrally along the orthogonal detector dimension, allowing
full characterization of the polarization state and spectral
profile of a beam in a single frame capture of the detector.
Because the spectral separation and polarization modulation
directions are independent, signal processing 1s straightior-
ward and analogous to traditional ellipsometry techniques.
Mueller-Stokes calculus can be used to express the
change 1n polanzation caused by each element within the
optical train of an ellipsometer. The polarization state of
electromagnetic radiation 1s represented by a Stokes Vector,
and each element 1s described by a Mueller Matrnx that
describes the polarization effects of the opfic.
Mueller-Stokes descriptions for some common polariza-
fion elements are provided below.
Unpolarized light 1s characterized by intensity, I, and 1s
described by the following Stokes vector:

1y

0
Unpolarized Light(L) =1 0

0)

The matrix below converts the Stokes vector representing
a polarized beam to a scalar representation of the intensity
on the detector.

Detector(D)=Attn-(1 0 0 0)

A polarizer 1s an element with a characteristic pass axis
that transmits only electromagnetic radiation with a polar-
1ization oriented along said axis.

Polarizer (P) =

An analyzer 1s a polarizer that 1s present after the sample
in an ellipsometry system. The Mueller matrix describing an
Analyzer 1s 1dentical to that of a polarizer.

Analyzer (4) =

T e T s R
s T s T oo J ol

1
11 1
210 o

0 0
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Compensators act by retarding one component of the
transverse electromagnetic wave with respect to its orthogo-
nal component. This effect 1s described by the following
expression, where the retardance (d) 1s a function of the
extraordinary and ordinary refractive indices (n_,n_) of the
birefringent crystal and thickness (T) of the material through
which the electromagnetic radiation of wavelength (A)
propagates.

2

d=—
A

'|HE_”Q|'T

The Mueller matrix describing a general compensator 1s
as follows:

10 0 0 )

01 0 0
Compensator (C) = 0 0 cos(d) —sin(d)

0 0 sin{d) cos(d) )

For any element that has characteristic polarization axes,

such as a polarizer or compensator, rotation matrices are
used to describe the azimuthal position (0) of the element
with respect to the plane of 1ncidence.

10 0 0
. | 0 Cos(26) Sm(2¢) O
Rotation (8 =1 o ¢i120) Sin20) 0
\0 0 0 1

The most general mathematical description of a sample 1s
a Mueller matrix consisting of 16 elements which can fully
describe any change 1n polarization state of a beam caused
by a sample.

Mueller Matrix Sample (Sis7) =

In traditional ellipsometry, the polarization change caused
by a sample was described by two parameters,  and A, but
this notation 1s insufficient for describing partially polarized
beams or depolarizing samples.

[sotropic Sample (5;,) =

1 —Cos(2¢r) 0 0
—Cos(2¢r) 1 0 0

0 0 SI(2¢)Cos(A)  Sin(2¢)Sin(A)

0 0 —Sm(2¢)Sin(A) Smn(2¢)Cos(A)

An alternative notation can be used to fully describe
1sotropic samples and partially polarized beams. The 1sotro-
pic quantities are related 1n the following manner and can be
substituted into the previous matrix as shown:

N=cos(2y)
C=s1n(2y/)cos(A)

S=sin(2yn)sin(A)
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(1 N 0 0)
. -N 1 0 O
Isotropic Sample(Sy,,) = N 0 C S
0 0 -5 C|

The N, C, & S notation 1s advantageous because it
provides a simple relationship to depolarization. Depolar-
1zation 1s defined as the transformation of fully polarized
electromagnetic radiation to partially polarized electromag-
netic radiation and can be expressed 1n the following manner
for 1sotropic samples:

% Depolarization=100%-(1-N*—-C*-5§?)

Depolarization can be caused by a variety of factors,
including; surface electromagnetic radiation scattering,
sample non-uniformity, spectrometer bandwidth resolution,
angular spread from a non-collimated input beam, and
incoherent summation of electromagnetic radiation reflect-
ing from the backside of a substrate. Depolarization mea-
surements help to 1dentily non-idealities 1n the sample or
system.

One of the most common elements used in prior art
snapshot ellipsometers 1s a wedge of some birefringent
material. Because the retardance of a compensator 1s pro-
portional to 1ts thickness, a birefringent optic with spatially
variable thickness has different values of retardance at
different positions. Because different portions of a measure-
ment beam interact with different portions of the optic, the
polarization state of the measurement beam becomes spa-
tially modulated.

The simplest example of such an optic 1s a linear wedge
made of a birefringent crystal. The thickness T of such a
wedge can be described as a function of spatial position x
along the direction of variation, where the rate of change 1s
defined by the slope of the wedge, w.

T(x)=w-x

Substituting the wedge thickness into the general retar-
dance equation, the retardance across the wedge can be
described as a function of spatial position.

dx)=—-+|n,—n,|-w-x
(x) X |

A new term D 1s defined to express the rate of retardance
change.

The Mueller matrix description of a wedged birefringent
crystal 1s like that of a standard compensator, where the
spatial retardance 1s defined by d(x).

(1 0 0 0 )
0 1 0 0
Wedge(Wlx]) = 0 0 cos(Dx) —sin(Dx)
0 0 sin(Dx) cos{Dx)
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Any optic with birefringence and variable thickness will
spatially modulate the polarization state of a beam 1ncident
thereon, and the term ‘wedge’ 1s used herein to describe any
optic with such a thickness variation, not to specifically
define that the thickness varies linearly or continuously as 1n
the example above. An optic exhibiting a discrete stepwise
thickness profile or one that varies nonlinearly could be
casily substituted by one skilled in the art.

A common modification of a linearly wedged retarder as
described above 1s a Babinet compensator. A Babinet com-
pensator 1s a set of two equally-wedged crystals of uniaxi-
ally anisotropic material. The wedges are oriented with the
two wedged faces 1n contact or with a small gap between
them and the two opposite faces parallel to each other and
normal to the incident beam, as illustrated in FIG. 3B. The
optic axes of the two wedges are orthogonal to each other
and the beam.

The Mueller matrix describing the Babinet compensator
can be defined by matrix multiplication of the two compo-
nent wedges with optic axes of W,,W.:

Babmet[x]=R(— W) W,[x]-R(W5)-R(-W)- W, [x]-R(W)

Because the slopes of the two wedges are equal and
opposite, the retardance rate 1s defined as B for the first
wedge and -B for the second.

(1 0 0 0
Lo 1 0 o
Babiner[x] =1 | I
io 0 Cos[2Bx] —Sm[ZBx]i
L0 O Sin[2Bx] Cos[2Bx] )

This matnix 1s clearly equivalent to that of a single wedge
with double the rate of retardance variation than the com-
ponent wedges. Recognizing that a Babinet compensator
therefore produces the same polarization modulation as a
single wedge with a different slope, 1t should be obvious to
one skilled i the art that birefringent wedges can be
replaced with combinations of wedges in order to produce
spatial modulation of polarization state within a beam. The
benefit of a Babinet compensator 1s that the retardance near
the center of the optic 1s zero-order and the beam experi-
ences less deviation and separation when transmitted there-
through. As such, the term ‘wedge’ 1s further understood to
refer both to individual wedges and combinations of wedges
or optics, such as Babinet compensators, which are used to
aflect a spatially varying retardance to a beam along one
azimuth.

U.S. Pat. No. 6,052,188A (1998) by Fluckiger et al.
describes an ellipsometer that uses a single wedge 1n order
to 1mpart spatially varied retardance to a beam. The ellip-
someter system described by Fluckiger was novel in its
implementation but limited in 1ts inability to detect all
sample parameters describing 1sotropic samples and
severely limited 1n measuring amisotropic samples. Fluck-
1ger specified a Babinet compensator to be preferred over a
single wedge for the reasons given above.

Using the matrices defined above, the spatially varying
signal intensity of a single wedge system can be expressed
by the following matrix multiplication:

Intensity(x)=D-R(—A)A-R(A) R(- W) W|x]-R(W)-S-R(-
P)-P-R(P)L
The polarizer and analyzer should be orniented at a non-

eigenpolarization state of the wedge for each measurement.
Assuming an 1sotropic sample and that polarizer and ana-
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lyzer azimuth are set to 45°, the spatial variation of beam
intensity can be expressed as follows:

Intensity(x)=1+C-Cos[2-1)-x]-S-Sin[2-D-x]

A Fourner transformation of the signal along the axis of
variation on the detector decomposes the expression into
components occurring at diflerent spatial frequencies.

1 3

:P_)xdxr-

A

1 F
1 3 _2ri
a; = Rex Ef_i(l+C-CGS[2-D-3¢]—S-Sin[Q-D-x])-E ZN(
. 2

1 P \
1 = Lk
P = Ims Eﬁi(l+C'CDS[2'D'X]—S'Siﬂ[Q-D-_x])-E M](P}rfix;

3 2 /

e

The real (a,) and imaginary ({3,) Fourier coeflicients are
non-zero at certain Ifrequencies, k, related to the spatial
variation of the compensator. Fourier transformation of the
theoretical intensity expression i1dentifies a single harmonic
frequency (k=2D) and a DC (k=0) term. The theoretical
Fourier coeflicients are related to sample parameters as
follows:

{10:1
Gy =C
Pop=-S

Using the theoretical expressions for Fourier coethicients
to solve for sample parameters, 1t’s evident the snapshot
cllipsometer using a single wedge can measure only two
sample parameters 1n any single measurement, as shown 1n
the following Mueller matrix description of the sample (X
indicates 1nsensitivity to a parameter).

(1 X 0 X))

X X X X
Sample(S) = 0 X ap X

0 X —-fp X

A single wedge system therefore cannot fully characterize
an 1sotropic sample because only two of the three sample
parameters can be measured simultaneously. As arranged,
systematic errors and noise in the measured data are ampli-
fied when measuring samples with Ps1 near 45°. For a single
wedge system, all arrangements of polarizing optics result in
amplified error in Psi and Delta for certain sample types.

The present invention also, in one embodiment, utilizes
digital light processors (DLP’s) to aid in data readout.
Digital light processors comprise an array ol microscopic
mirrors, each of which 1s individually operable to direct light
impinging thereupon 1n at least two diflerent directions,
depending on how 1t 1s caused to be oriented. Light from an
areca ol a sample provided by the elements of the present
Snap Shot system caused to impinge on a member of a DLP
array can be directed to an element in a detector, or directed
away therefrom. Further, when a dispersing element 1is
employed, a DLP can be used to direct different wavelengths
to different elements 1n a detector.

PRIOR ART

In addition to the US Patent to Oka et al., U.S. Pat. No.
7,336,360B2, and U.S. Pat. No. 6,052,188A (1998) to Fluck-
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iger et al. already mentioned, it 1s disclosed that they, and
additional Patents were 1dentified. For convenience, all
known prior art Patents are presented, and brietly described
directly.

U.S. Pat. No. 6,052,188A (1998) by Fluckiger et al.
describes an ellipsometer that uses a single wedge 1n order
to 1mpart spatially varied retardance to a beam. The ellip-
someter system described by Fluckiger was novel in its
implementation but limited in 1ts inability to detect all
sample parameters describing 1sotropic samples and
severely limited 1n measuring amisotropic samples. Fluck-
1ger specified a Babinet compensator to be preferred over a
single wedge.

Several imnventions 1n the related field of polarimetry have
sought to solve the same challenges faced in ellipsometry.

Polarimeters are instruments used to measure the polar-
1zation state, and sometimes spectral characteristics, of a
beam of electromagnetic radiation. Similarly, in ellipsom-
etry knowledge of the state of the beam before and after
interacting with the sample allows the determination of
optical properties and physical structure of the sample. To
determine more information about the sample, 1t 1s advan-
tageous to be able to fully characterize the polarization state
of the electromagnetic radiation beam after interacting with
the sample. Polarimeters, however, are not ellipsometers in
that they do not have an electromagnetic radiation source, a
polarization state generator, or the ability to directly extract
sample parameters from the measured polarization informa-
tion. Polarimeters traditionally use temporally varying ele-
ments to analyze a beam, but some recent inventors have
sought to create polarimeters with stationary elements.

U.S. Pat. No. 6,850,326B2 (2002) by Thoma et al. patents

a single-wedge polarimeter identical to that used by Fluck-
iger 1n his ellipsometer, but without the ability to measure
spectroscopically. He also claims using two wedges with
different slope directions to determine more information
about the polarization state of a beam. By orienting the
wedges 1n different directions, variable retardance 1s applied
independently to the two axes, allowing simplified data
analysis but requiring two dimensions on the detector to
analyze.
U.S. Pat. No. 7,336,360B2 (2006) by Oka et al. patents an
imaging version ol the advancement described by Thoma,
wherein two wedges are similarly oriented with different
slope directions to separate each retardance modulation onto
a different axis of the detector. The rate of retardance
variation 1s high enough that many orders of modulation are
captured and data can be independently determined at many
points across both dimensions of the beam.

U.S. Pat. No. 9,097,585B2 (2012) by Sparks also patents
the polarimeter described by Fluckiger, but 1n the form of a
point-and-shoot spectropolarimeter with an entrance slit. It
also describes the possibility of using two wedge sets to
completely characterize the measurement beam, with the
requirement that “the gradient of retardance of the second
optic 1s at a different angle and strength” than the first. The
claims make 1t clear that the second wedge 1s “either parallel
or anti-parallel to said first birefringent wedge and having
twice the birefringence of said first” meaning the difference
in strength of the gradients 1s due to the different birefrin-
gence ol the wedges. As mentioned previously, Sparks’
system 1s a spectropolarimeter requiring an entrance slit
directly next to the wedge pair(s).

U.S. Pat. No. 7,038,776B1 (20035) by Ansley et al.
describes a polarimeter that has an mput slit that 1s focused
onto a detector with three polarnizing filters overlaid. Simi-
larly to early ellipsometers, the use of only polarization
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filters means that the device can’t characterize direction of
rotation for circular polarization.

U.S. Pat. No. 6,275,291B1 (1999) by Abraham et al.

patents a polarimeter utilizing a specific type of spatially
varying retarder array made of deposited dielectric gnid
structures with intervals less than the wavelength of elec-
tromagnetic radiation used. This optic generates retardance
due to the interaction of the beam with the grid structure of
the element instead of due to the birefringence of a material.
This modulation 1s used 1n a polarimeter to determine the
polarization state of a beam. Abraham also describes two
specific applications of his polarimeter. First, 1n a reflected
clectromagnetic radiation microscope to form an 1maging
cllipsometer. In this application, the optic and a polarizing
film are overlaid onto the detector. Second, 1n a more
traditional ellipsometer with a laser source.

U.S. Pat. No. 9,793,178B2 (2013) by Alonso et al.
describes a focused beam scatterometry apparatus that pro-
vides a focused beam onto a sample to be investigated from
a source positioned vertically above the sample. The system
comprises a beam splitter and focusing lens prior to a sample
ivestigated such that the focused beam presents with spa-
tially varying polarization states but there 1s no element on

the detector side to impose such a spatially varying polar-
1zation state. The beam 1s incident at a locus normal to the
sample and 1s reflected back along the incident beam path.

U.S. Pat. No. 7,489,399B1 (2004) by Lee describes an
advancement to the ellipsometers described by Fluckiger
and Abraham. Namely, Lee uses a polarizing beam splitter
and a retroreflecting path design with a concave mirror to
make the unit more compact.

Also disclosed are Patents to Liphardt and Liphardt et al.
which describe application of digital light processors in

Ellipsometer and the like systems. Said Patents are:
U.S. Pat. Nos. 7,777,878;

U.S. Pat. No. 8,345,242; and
U.S. Pat. No. 8,749,732.

Teaching in the Patents are incorporated herein by refer-
ence.

Even 1n view of the known prior art, there remains need
for advancement in the areas of ellipsometry and polarim-

etry.

DISCLOSURE OF THE INVENTION

The present mvention 1s, 1 part, an ellipsometer com-
prising:

a) a source ol a beam of electromagnetic radiation (2);

b) a polarization state generator (4);

c) a sample (5) positioned to interact with a beam of
clectromagnetic radiation at a known angle of 1nci-
dence:

d) a polarization state analyzer (6), and

¢) a multi-element detector (8) of electromagnetic radia-
tion.

In use, a beam of electromagnetic radiation (3) 1s gener-
ated by said source of a beam of electromagnetic radiation
(2), and 1s caused to interact with said polarization state
generator (4), a sample (3), said polarization state analyzer
(6), and said multi-element detector (8). Said polarization
state generator (4) and/or said polarization state analyzer (6)
turther contain at least one of the following spatially varying
compensators (10):

a combination of two or more birefringent optics (16)

with crystal axes oblique to each other and spatial
thickness variation; and
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an array (13) of retarding elements (14) not structured on

the order of the measured wavelength(s).

Said spatially varying compensator (10) functions to
impart a plurality of spatially separated polarization states
such that a spatial distribution of intensities over a cross-
sectional area of said beam results, which, after interacting
with the polarization state analyzer (6) are detected at a
corresponding multiplicity of positions by a corresponding
plurality of spatially distributed elements 1n said detector
(8), which can be analyzed to determine sample properties.

Said ellipsometer can further comprises at least one
imaging element present between the spatially varying com-
pensators (10) and said multi-element detector (8) to
improve resolution regarding correspondence between spe-
cific points on said spatially varying compensators (10) and
said detector (8).

Said ellipsometer can provide that the beam provided by
said source of a beam of electromagnetic radiation (2)
comprises multiple wavelengths, and 1n which said detector
(8) 1s two-dimensional, and wherein said ellipsometer fur-
ther comprises at least one wavelength separating element
(7) prior to said detector (8), such that 1n use the polarization
cllects of the sample can be determined for multiple wave-
lengths at each location of a sample investigated. The at least
one wavelength separating element (7) can be selected from
the group consisting of:

a planar or curved diffraction grating;

a dispersing prism; and

an attenuating or reflecting filter element that transmits,

blocks, or reflects different wavelengths at different
positions thereol.

Further, said ellipsometer can provide that at least one
additional imaging optic (12) resolves the spectral variation
caused by said wavelength separating element (7) onto one
dimension of the detector (8).

Said ellipsometer can provide that said source of a beam
of electromagnetic radiation (2) 1s selected from the group
consisting of:

a broadband or monochromatic laser;

a broadband or narrowband LED;

a monochromator;

a broadband source;

a F1IR source;

a globar source;

an 1ncandescent source; and

an arc lamp.

Said ellipsometer can provide that multiple sources of a
beam of electromagnetic radiation (2) are used in combina-
tion to provide a wider spectrum.

Said ellipsometer can further contain a beam splitting
clement and the intensity profiles of both resulting beams are
detected 1n order to improve data quality or provide an
image of the beam profile or sample surface.

Said ellipsometer can provide that a spatially varying
compensator (10) 1s present 1n both the polarization state
generator (4) and polarization state analyzer (6), and where
the spatial modulation of the two elements are optically
overlaid with a known relationship using imaging optics
and/or low divergence illumination.

Said ellipsometer can provide that the spatially varying

compensators (10) mmpart different eflective modulation
frequencies onto the detector through magnifying optics,
variations in spatially varying compensator characteristics,
and/or converging or expanding i1llumination.
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Said ellipsometer can provide that the effective spatial
modulation frequencies of the polarization state generator
(4) and polarization state analyzer (6) are at a ratio of 1:3,
3:1, 1:5, 5:1, 3:5, or 5:3.

Said ellipsometer can provide that an angle of incidence
of said beam of electromagnetic radiation to a surface of said
sample (5) 1s adjustable via a mechanism that moves some
or all of the optics of the ellipsometer with respect to the
sample.

Said ellipsometer can provide that the source of a beam of
clectromagnetic radiation (2) 1s the output from a mono-
chromator, an optical fiber, or a pinhole so that the beam has
spectral or spatial characteristics provided thereby.

Said ellipsometer can provide that the beam of electro-
magnetic radiation provided by said source of a beam of
clectromagnetic radiation (2) does not approach the sample
surface along a locus normal to, or substantially normal
thereto.

Said ellipsometer can provide that at least one selection
from the group consisting of:

the source does not comprise one or more lasers, and

there 1s no series combination of a slit and wedge shaped
compensator element between the source and the
sample.

A method of characterizing a sample then comprises the

steps of:

a) providing an ellipsometer as just described;

b) accessing data provided by said detector (8) 1n response
to the beam of electromagnetic radiation input thereto, and
¢) analyzing said data to characterize said sample (5).

The present mvention 1s alternatively recited as an ellip-
someter comprising:

a) a source ol a beam of electromagnetic radiation (2);

b) a polarization state generator (4);

c) a sample (5) positioned to interact with a beam of
clectromagnetic radiation at a known angle of 1nci-
dence:;

d) a polarization state analyzer (6); and

¢) a multi-element detector (8) of electromagnetic radia-
tion.

Said ellipsometer 1s characterized 1n that both said polar-
1zation state generator (4) and said polarization state ana-
lyzer (6) comprise at least one element having a plurality of
locations (13) (14), or a plurality of elements each having at
least one location (16), or a combination thereof, each of
said element locations serving to eflect beam polarization
characteristics that depend on how a portion of said beam
cross-sectional area interacts with at least one of said loca-
tions therein.

In use the beam of electromagnetic radiation generated by
said source of a beam of electromagnetic radiation (2) 1s
caused to interact with said polarization state generator (4),
said sample (3), and said polarization state analyzer (6), such
that a spatial intensity distribution results over the cross-
section of said beam and a corresponding plurality of
locations 1n said beam cross-section are substantially simul-
taneously detected by said multi-element detector (8). Said
intensity profile can then be analyzed using knowledge of
the properties of the polarization state generator (4) and
polarization state analyzer (6) to characterize properties of
said sample (5).

A method of characterizing a sample then comprises the
steps of:

a) providing an ellipsometer as just described;

b) accessing data provided by said detector (8) 1n response
to the beam of electromagnetic radiation 1nput thereto, and

¢) analyzing said data to characterize said sample (5).
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The present invention 1s also a spectropolarimeter com-
prising;:

a) a provision for capturing a beam of electromagnetic

radiation;

b) a polarization state analyzer (4)

¢) a wavelength separating element (7); and

¢) a multi-element detector (8) of electromagnetic radia-
tion.

In use, said captured beam of electromagnetic radiation
enters said spectropolarimeter and 1s caused to interact with
said polarization state analyzer (6), wavelength separating
clement, and said multi-element detector (8).

Said polarization state analyzer (6) 1s characterized in that
it contains at least one of the following spatially varying
compensators (10):

a combination of two or more birefringent optics with
crystal axes oblique to each other and spatial thickness
variation; and

an array of retarding elements not structured on the order
of the measured wavelength(s);

that function to 1mpart a plurality of polarization states
that result in a spatial distribution of intensities over a
cross-section of said beam by interaction with the polariza-
tion state analyzer (6).

In use intensities are detected at multiple positions 1n said
distribution thereol by a corresponding plurality of elements
of said detector (8) and analyzed to determine the polariza-
tion state of the beam for a range of wavelengths.

A method of characterizing the polarization state of a
beam of electromagnetic radiation then involves:

a) providing a system as just described;

b) accessing a beam of electromagnetic radiation there-
with so that date 1s produced by said detector (8);

¢) accessing data provided by said detector (8) 1n response
to the accessed beam of electromagnetic radiation input
thereto, and

d) analyzing said data to characterize said sample (3).

The foregoing disclosure 1s adapted from Allowed Parent
application Ser. No. 16/350,204 Filed Oct. 12, 2018.

It 1s also noted that 1n addition to the foregoing disclosure
it 1s specifically noted that said polarization state generator
(4) and/or said polarization state analyzer (6) can each be
comprised of at least one spatially varying compensator (10)
selected from the group consisting of:

a combination of two or more birelringent optics (16)
with crystal axes oblique to each other and having
spatial thickness variation; and

a compensating optic (13)(14) not structured on an order
of the measured wavelength(s), but comprising a spa-
tial array having multiple zones presenting the same
retardation but with independent optical axes, at least
two of which are rotated with respect to one another.

New 1n the present application 1s that any of the spec-
tropolarimeters descriptions can be distinguished by said
detector being preceded by at least one digital light proces-
sor (DLP) which 1s/are comprised of a plurality of separately
operable elements (MM), such that 1n use one or more a
desired wavelengths are selected by operation of at least one
digital light processor (DLP).

Further new 1n the present application 1s that any of the
cllipsometer descriptions can be distinguished by at least
one selection from the group consisting of:

said source (2) of a beam of electromagnetic radiation (3)
1s spectroscopic and said ellipsometer further com-
prises a combination of a dispersing element (DISP)
and a digital light processor (DLP) which 1s comprised
of a plurality of separately operable elements (MM),
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such that 1n use said source provides multiple wave-
lengths to said dispersing element, and said digital light
processor 1s operated to direct selected wavelengths
toward said sample (5); and
said detector (8) 1s preceded by at least one digital light
processor (DLP) which 1s/are comprised of a plurality
of separately operable elements (MM), such that 1n use
one or more a selected location(s) on said sample (5)
are detected at one or more desired wavelengths by
operation of said at least one digital light processor
(DLP).
The present invention will be better understood by refer-
ence to the Detailed Description Section of this Specifica-
tion, 1n conjunction with the Drawings.

SUMMARY

It 1s an object of the present mmvention to provide a
snapshot ellipsometer capable of characterizing a sample 1n
a single frame capture with full sensitivity of sample param-
cters psi and delta 1n any range of values. To achieve this
object, novel arrangements of spatially varying polarizing
clements were developed. Prior art ellipsometers have made
use of wedged birefringent crystals and Babinet compensa-
tors to spatially modulate the polarization state of a mea-
surement beam. This method allows snapshot measure-
ments, but 1s icapable of fully characterizing a sample. A
novel feature of the present invention 1s the use of two such
wedges with obliquely oriented crystal axes to spatially
modulate the polarization state of a measurement beam.

It 1s another object of the present invention to use an array
of liqud-crystal retarding elements with multiple crystal
orientations present to provide the required spatial modula-
tion.

It 1s another object yet of the present mnvention for the
measurement beam to interact with a spatially varying
polarization element both before and after imnteracting with a
sample to provide additional information about the sample.
Some combinations of spatially varying polarization ele-
ments, such as a variable-azimuth retarder array on each side
of the sample, are even capable of measuring the complete
Mueller Matrix characterizing a sample.

In the contest of the snapshot ellipsometer in the forego-
ing objectives, 1t 1s a novel feature of the present mvention
to apply digital light processors to control wavelength
content 1n an electromagnetic beam provided by a source
thereof to a sample, and/or to direct signals from desired
locations on a sample into specific detector elements, as well
as control what wavelengths are present 1n said signals.

In the context of a spectropolarimeter 1t 1s a novel feature
to apply digital light processors to direct various wave-
lengths 1n an electromagnetic beam into specific detector
clements.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A and FIG. 1B show front and top views of an
embodiment of the present invention, respectively.

FIG. 2 demonstrates a retarder array which 1s designed to
have linearly varying compensator azimuthal position across
the array. The fast axis direction at each location 1s shown
with a line across the face of the sub-clement.

FIG. 3A shows a single birefringent wedge. The fast axis
1s shown with a line across the face of the wedge.

FIG. 3B shows a Babinet Compensator 1s mathematically
equivalent to a single wedge but provides a lower order
retardance.
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FIG. 3C shows a double Babinet compensator.

FIG. 3D shows a wedge pair with crystal axes oriented
obliquely to each other.

FIG. 3E shows a novel compound prism which provides
tull sample sensitivity and 1s also a low-order retarder. The
fast axis direction of each birefringent element 1s shown by
a line across the face of the optic.

FIGS. 4A and 4B show front and side views, respectively,
of an ellipsometer system that implements spatially varying
compensators (10) on the source (2) and detector (8) side, as
well as additional imaging optics (12) used to reduce the size
of the beam on the sample (5) and image the spatially
varying compensators (10) onto the detector (8).

FIG. 5 1s a simple ellipsometer that has spatially varying
compensators (10) 1n both the polarization state generator
(4) and polarization state analyzer (6), and which does not
require 1maging optics to achieve spatially varying compen-
sators (10) magnification and resolution.

FIG. 6 1s another embodiment arranged to measure a
sample (5) 1n transmission instead of reflection mode.

FIG. 7A and FIG. 7B are front and alternative (unfolded
top) views of a present mvention polarimeter.

FIGS. 8A and 8B show digital light processors (DLP’s)
applied to control wavelength content 1n beam of electro-
magnetic radiation, and to control mput to a plurality of
detector elements 1n a detector, respectively

FIG. 8C shows a dual digital light processors (DLP)
system for directing signals from a desired location on a
sample, as well as controlling wavelength content of the
signals entering a detector.

FIG. 8D shows digital light processor elements oriented
differently from one another.

FIG. 9 demonstrates a combination of FIGS. 1B, 8A and
8B.

DETAILED DESCRIPTION

Turning now to the Drawings, a preferred embodiment of
a present mvention ellipsometer (1) 1s shown 1n FIG. 1. The
preferred embodiment includes a source (2) that generates a
beam of electromagnetic radiation (3). Said beam of elec-
tromagnetic radiation (3) 1s caused to interact with a polar-
1zation state generator (4) which 1s comprised of at least a
single polarizer (9), to create a known polarization state
betfore interacting with a sample (5). The beam then interacts
with a polarization state analyzer (6), comprised of a spa-
tially varying compensator (10) and an analyzer (9) causing,
the beam to have a spatial distribution of intensity along one
dimension. (Note, Analyzers and Polarizers are the same the
type of elements, with the distinction being that they are
deployed on source and detector sides of a sample, respec-
tively, 1n an ellipsometer). A wavelength separating element
(7) such as a dispersion prism or diffraction grating serves to
separate the individual wavelengths along the orthogonal
dimension. A multi-element detector (8) captures a portion
of said wavelength dependent intensity profile in a single
frame. Knowledge of the polarization eflfects of the polar-
1zation state generator (4) and polarization state analyzer (6)
allows calculation of wavelength dependent sample param-
cters based on the intensity profile of the beam of electro-
magnetic radiation. Additional imaging optics (12) are pres-
ent that manipulate the beam and provide resolution of
required dimensions. Linear variation of the spatially vary-
ing compensator (10) 1s imaged onto one dimension of the
detector (8) while spectral separation caused by the wave-
length separating element (7) 1s imaged onto the orthogonal
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dimension. The spectral resolution 1s governed by the diver-
gence of the beam and doesn’t require an additional slit on
the detector side.

The present patent discloses the application of two types
of spatially varying compensators (10) for use 1n snapshot
cllipsometers. Both provide adequate modulation of the
polarization state of a beam to completely characterize an
1sotropic sample. Said spatially varying compensators (10)
are as follows:

a) a combination of two or more wedged birelringent

optics (16) with crystal axes oblique to each other, and;

b) an array of retarding elements (13)(14) not structured
on the order of the wavelength(s) present 1n the mea-
surement beam.

It 1s noted that said polarization state generator (4) and/or
said polarization state analyzer (6) can be comprised of at
least one spatially varying compensator (10) selected from
the group consisting of:

a combination of two or more birefringent optics (16)
with crystal axes oblique to each other and having
spatial thickness variation; and

a compensating optic (13)(14) not structured on an order
of the measured wavelength(s), but comprising a spa-
tial array having multiple zones presenting the same
retardation but with independent optical axes, at least
two of which are rotated with respect to one another.

With reference to FIG. 2, a diagram of a microretarder
array (13) 1s shown with a magnified view of the individual
compensator elements (14). The fast axis azimuth of each
retarder element 1s shown to be varying linearly along the
horizontal dimension 0=Caz[x]., while there 1s no variation
vertically. This pattern allows for simplified data extraction
along the horizontal dimension and for wavelength separa-
tion 1n the vertical dimension.

The Mueller-Stokes formalism can be used to mathemati-
cally describe the disclosed retarder array (13):

(1 0O 0 0 )
- Ol 0 1 0 0
ompensatofClx|) =
P : : 0 0 cos{d) —sin(d)
0 0 sin(d) cos(d) ,
(1 0 0 0

0 Cos(2C, [x]) Sin(2C,,[x]) O
0 =Sin(2C,,[x]) Sin(2C,,[x]) O
U 0 0 1,

Rorarion(Clx]) =

Using the Mueller-Stokes formalism, the theoretical sig-
nal mtensity at the detector (8) of ellipsometer (1) can be
expressed as a function of spatial position, X.

Intensity(x)=D-R(-4) A-R(4)R(-C[x]) C[x]
R(C[x])S-R(-P)P-R(P)-L

The following intensity formula 1s given for an 1sotropic
sample, assuming a quarter wave retarder array with variable
azimuth, polarizer azimuth set to 45°, and analyzer azimuth
set to 0°:

1
[ntensityx) =1 - N -Cos [2x]% + .5 - Sin[2x] + 5 C - Sin[4x]

It 1s evident the spatially varying intensity for the
described retarder array 1s analogous to the temporal varia-
tion of a rotating compensator system. Fourier transforma-
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tion of the signal decomposes the expression into compo-
nents occurring at different spatial frequencies.

y =

(1 AP |
Re! b f : (1 — N -Cos[2x]* + 5 - Sin[2x] + L C-Sin[4x]).g‘2”*(iﬁ)ux$
lP :ZE 2 J

(1
= [ —
B mipf

B v I S T v

(1 _ N -Cos[2x]% + 5 - Sin[2x] + % - C-Sin[4x])-

k3|

E‘ZW"('}%}‘@X&
)

The Fourier coefhicients (o,p,) are non-zero at certain
frequencies, k, related to the geometry of the optic. Fourier
transformation of the theoretical intensity expression 1den-
tifies harmonic frequencies at two and four times the spatial
frequency of the compensator variation.

The 2w and 4w harmonics provide information about
three sample parameters (N, C, & S) 1n a single measure-
ment. The variable w now has units of rad/mm rather than
rad/s. The theoretical Fourier coeflicients are related to
sample parameters as follows:

N
::1*.;;._1—5
s =0

S
52—5
N
.*:1:'4_—2
C
Pa= 7

Thus, the theoretical relationship between Fourier coet-
ficients and sample parameters 1s the same as the rotating
compensator instrument. This holds true for the general
case, where any polarizer or analyzer position 1s used. The
main requirement for this to hold true 1s that the retardance

of the retarder array be constant across all pixels.

With reference to FIGS. 3A-3F, several birefringent
wedges and compound prisms are shown which can be used
as spatially varying compensators. The elements are shown
separated 1n an exploded view, but can be attached together
for 1deal performance. FIG. 3A shows a single birefringent
wedge (15), which provides spatial variation of retardance.
The fast axis of the element 1s shown as a line on the face
of the optic. FIG. 3B shows a Babinet compensator (16),
which consists of two birelringent wedges attached as
shown with orthogonal fast axes. This combination provides
a low-order retardance and reduced beam deviation. FIG. 3C
shows a combination of two Babinet compensators (16) with
different crystal orientations. Because the wedge directions
are aligned, the retardance 1s only varied along the vertical
direction. The combination of multiple fast axes provides
additional information about the sample, but aligning four
separate wedges 1s diflicult 1n practice. The wedge slopes for
the two Babinet compensators can either be identical, allow-
ing data extraction at a single spatial frequency, or different,
allowing the modulation of each wedge to be extracted at a
separate spatial frequency. FIG. 3D shows birefringent
wedge pair (17) with oblique (neither orthogonal nor par-
allel) crystal axes. This optic provides the required beam
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modulation for full 1sotropic sample characterization. This
combination of optics 1s novel for use in ellipsometry,
however 1t exhibits multi-order retardance. FI1G. 3E shows a
novel advancement to the previously described optics,
where additional parallel retarding plates (18) are attached to
cach side of a wedge pair (17). Because each of the plate
retarders has an optical axis orthogonal to one of the wedges
and a similar retardance, the eflective retardance for each
wedge-plate pair 1s low-order. Additionally, the use of only
one wedge pair results 1n decreased beam deviation and
simplified alignment. Many compound wedges can be con-
ceptualized that generate the required modulation and serve
the same purpose in practice as those described. The use of
at least two birefringent crystals with oblique fast axes and
thickness variation along one dimension 1s the novel aspect
that makes full sample characterization possible.

For the optics described in FIGS. 3C, 3D, and 3E with
crystal axis orientations of each wedge (W,, W,) the theo-
retical signal intensity for ellipsometer (1) can be expressed
by the following matrix multiplication:

Intensity(x)=D-R(—A4) A-R(A4) R(- W) W5[x]-R(W5) R
(=) Wi [x]-R(W)-SR(=P)-P-R(P)L

The polarizer and analyzer are not orniented at eigenpo-
larization states of the wedges for each measurement.
Assuming an 1sotropic sample, polarizer azimuth o1 45°, fast
axis of 0° for the first wedge and 90° for the second, analyzer
azimuth of 0°, and an equal but inverse rate of retardance
variation for both wedges, the theoretical signal intensity
takes the following form:

|
[ntensiyx) = 5(2 +C-=2-N-Cos|Dx]| - C-Cos[2Dx] + 5 - Sin|2Dx]

A Fourier transformation of the signal decomposes the
expression into components occurring at different spatial
frequencies.

(1 (51
Qy, :ReiﬁﬁiE(Q-I—C—Q-N-CDS[DX]—C-CDS[QDX]+S-SiH[2DX])-
-

Ift:l|
D
=

ol

&H

_—

The Founer coeflicients (c,,p,) are non-zero at certain
spatial frequencies, k, related to the orientation and spatial
variation of the compensators. Fourier transformation of the
theoretical intensity expression 1dentifies harmonic frequen-
cies related to the rate of retardance variation of the wedges
and a DC term. Each frequency component consists of a real
and 1maginary component. The theoretical Fourier coetli-
cients are related to sample parameters as follows:

o =2+C
EL’D:—N
pp =0



US 11,391,666 Bl

17

-continued

(
&r2p = ——

2

F: 9
D=7

Using the theoretical expressions for Fourier coeflicients
to solve for sample parameters, 1t’s evident that a snapshot
cllipsometer comprised of two spatially varying elements
can measure three sample parameters 1n any single mea-
surement as shown 1n the following Mueller Matrix descrip-
tion of the sample. An X indicates insensitivity to that
parameter.

1  ap 0 X\I
ap 1 0 X |
0 Z2ap X i
0 -2 X

Thus, a snapshot ellipsometer comprised of the described
spatially varying retarder array or double wedge compen-
sator 1s sensitive to at least three sample parameters and can
measure Psi and Delta 1n any range of values.

In addition to the general layout described above, several
preferred embodiment modifications are possible to improve
the functionality of the system. Many of these are illustrated
in FIGS. 4A and 4B.

The beam of electromagnetic radiation that 1s 1ncident on
the sample can be focused with additional 1maging optics
such that the beam has a smaller cross-sectional area at the
sample. This modification reduces the eflects that sample
misalignment and non-uniformity have on data quality.

By using spatially varying compensators (10) in both the
polarization state generator (4) and polarization state ana-
lyzer (6), the full Mueller Matrix describing a sample can be
measured. I each spatially varying compensator (10) etlects
a different spatial frequency on the detector (8), parameters
can be extracted at each of the component frequencies as

well as at summations and differences of these frequencies.
This can be achieved by using two SVCs with different
spatial frequencies or by magnitying each diflerently onto
the detector.

Because the intensity profile that results on the detector
(8) 1s ellected by spatial vaniation of the spatially varying
compensators (10), 1t 1s important to achieve adequate
resolution between the two components. With reference to
FIGS. 4A and 4B, additional imaging optics (12) are shown
and used to ensure that the image planes of the spatially
varying compensators (10) overlap onto each other and enter
the detector (8). In FIGS. 4A and 4B, additional imaging,
optics (12) near the sample (5) are used both to focus the
beam onto the sample (3) and to 1mage the spatially varying
compensators (10) after 1t interacts with the sample (5). If a
spatially varying compensator (10) only has variation in one
dimension, it 1s only necessary to 1mage the axis of variation
onto the detector (8), which can be achieved by using
cylindrical optics. While a slit could be utilized, this 1s done
in lieu of using a slit at the entrance of the detector. The
cylindrical optic after the polarization state analyzer (6) and
the spherical optic after the wavelength separation element
(7) serve to 1mage the spatially varying compensators (10)
variation onto one dimension of the detector (8) and the
wavelength separation onto the orthogonal dimension.
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The simplest method of ensuring adequate resolution and
proper magnification 1n a system comprising two spatially
varying compensators (10) 1s shown i FIG. 5. The beam
used 1n this example acts as a point-like source such as the
output of an optical fiber or pinhole. A fiber can serve to
homogenize the beam and provide layout flexibility. The
point-like source of a beam of electromagnetic radiation (2)
ensures that both spatially varying compensator elements
(10) are adequately resolved onto the detector (8) without
any additional optics, similarly to the function of a pinhole
camera. The expanding nature of the beam serves to magnity
the spatially varying compensators (10) with respect to each
other, resulting in the modulation of each spatially varying
compensator (10) having a different spatial frequency on the
detector (8) and allowing the signals to be separated.

The system layout of FIG. 6 1s 1dentical to that of FIG. 1,
however the sample 1s now measured 1n transmission instead

of reflection. This may be advantageous for certain samples.

The layout shown in FIGS. 7A and 7B illustrates a
spectropolarimeter that can be used to measure a beam of
clectromagnetic radiation, consisting of the polarization
state analyzer (6), wavelength separation element (7), and
detector (8) as described previously. The polarization state
analyzer (6) comprises a spatially varying compensator (10)
and an analyzer (9) to tully characterize the polarization
information of the beam. The wavelength separation ele-
ment (7) allows the complete polarization state to be char-
acterized for multiple optical wavelengths. An additional
imaging optic ensures resolution between the variation axis
of the spatially varying compensator (10) and the detector
(8). A wavelength separating element (7) 1s shown as a
curved diffraction grating, which requires no further optics
to resolve the spectral information of the beam. Said beam
can be filtered or homogenized through use of pinholes, slits,
and optical fibers to ensure data accuracy, as 1s the norm for
polarimeters.

Said source of a beam of electromagnetic radiation (2) can
be, where not excluded by Claim language, a selection from
the group consisting of:

a laser;

an LED;

a broadband source;

a FI'IR source;

a globar source;

an incandescent source; and

an arc lamp.

In addition, multiple electromagnetic radiation sources
can be used and their optical signals combined in order to
function as a single source of a beam of electromagnetic
radiation (2) with more favorable spectral characteristics.
For instance, electromagnetic radiation from several LEDs
and lasers can be co-collimated using hot/cold mirrors,
beam-splitters, biturcated fiber optics, or other methods in
order to produce a broadband beam.

Said source of a beam of electromagnetic radiation (2) can
also be the output of a monochromator that provides only
one optical wavelength. The source of a beam of electro-
magnetic radiation (2) and can also be provided as the output
of a fiber optic or pinhole through which electromagnetic
radiation 1s transmitted in order to act as a point-like source
and homogenize the beam.

Said spatially varying compensator(s) (10) can be, where
not excluded by Claim language, a selection from the group
consisting of:

an array (13) of retarder elements (14) not structured at

the scale of the optical wavelengths present; and
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a combination of at least two birelringent wedges (16)

with crystal axes oriented oblique to each other.

In the preferred embodiments, modulation created by the
spatially varying compensator(s) (10) 1s only 1n one dimen-
sion and the LS used further creates a beam with multiple
optical wavelengths present. A wavelength separating ele-
ment such as a dispersion prism or diffraction grating (eg.
(7)), 1s used to separate the individual wavelengths along the
other dimension of the two-dimensional detector (8). This
allows sample parameters to be determined independently
for each wavelength.

Said wavelength separating element (7) can be, where not
excluded by Claim language, any element or any combina-
tion of elements that allows separation or selection of
different wavelengths present within the beam, including:

a flat or curved diffraction grating;

a dispersion prism; and

a filter element that transmits, attenuates, or reflects

different wavelengths at different positions thereof.

A retarder array can be designed to spatially vary retar-
dance and/or fast axis orientation in a sequential or non-
sequential manner. This preferred embodiment describes a
retarder array in which the azimuthal orientation of each
compensator element 1s varied in a sequential manner, either
through optical design or data manipulation. This approach
1s mathematically analogous to a rotating compensator ellip-
someter, but the azimuthal rotation matrix has a spatial
rather than time dependency. For an array of retarding
clements, the individual elements or zones can be 1n any
pattern, so long as there are adequate azimuths or retar-
dances present to characterize the sample. If the elements are
linearly varying in azimuth and constant in retardance, the
Fourier analysis above can be used for data extraction. For
other patterns or values of elements, alternative analysis
methods can be used.

While prior art discloses the use of single-wedge systems
and patterned dielectric grid retarders to analyze a beam of
clectromagnetic radiation after interaction with a sample, 1t
1s a novel approach 1n ellipsometry to probe a sample with
a beam of electromagnetic radiation that has multiple polar-
1zation states present at several spatial positions therein due
to any type of spatially varying polarization element 1n the
polarization state generator (4).

It 1s also novel to use a spatially varying polarization
clement 1n both the polarization state generator (4) and the
polarization state analyzer (6) 1n order to probe a sample
with a beam of electromagnetic radiation that has multiple
polarization states present at several spatial positions therein
due to any type of spatially varying polarization element 1n
the polarization state generator (4), while simultaneously
analyzing the polarization states present with a spatially
varying polarization element in the polarization state ana-
lyzer (6) such that anisotropic samples can be tully charac-
terized.

For clarity and simplicity, example systems have gener-
ally been shown and described as using refractive optics, but
one skilled in the art should recognize that refractive,
reflective, and diffractive optics can all be used to accom-
plish the same functions as the elements described. In
addition, the measurement beam 1s shown interacting with
the sample 1n retlection, however electromagnetic radiation
transmitted through a sample can also allow sample char-
acterization.

It 1s also noted that a Founer transformation has been
described as one signal processing technique to extract
sample parameters. One skilled in the art would recognize
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other signal processing techniques which enable extraction
of sample parameters from measured intensity profiles.

It 1s noted that a beam propagation direction can be
defined for any beam, be 1t collimated or focused etc., or not.
While 1t 15 not critical to the present invention as to how this
1s done 1n practice 1n any specific case, 1t should be appre-
ciated that the terminology “beam” 1s to be understood for
the purposes of this disclosure to be characterized by a
direction of propagation of electromagnetic radiation with a
finite cross-sectional area. The cross-sectional area of a
beam refers to any convenient two dimensional measure of
a beam that allows different positions therein to be 1denti-
fied, each much as a separate beam. That 1s, the present
invention considers a beam of electromagnetic radiation to
be an ellective combination of many individual “separate”™
beams that can be aflected differently, substantially inde-
pendent of how other similar effectively “independent
beams are aflected.

It 1s noted that the terms “cylindrical” and *“spherical” are
occasionally used to refer to imaging elements sucri as
curved mirrors and lenses. These terms are not used to
describe the exact shape of the optic surfaces, only to
identily whether an optic has curvature 1n only one dimen-
s1on, as a section of a cylinder; or both dimensions, as a
section of a sphere. Other sections of parabolic, elliptical,
and aspheric geometries are understood to be included.

It 1s to be appreciated that the recited negative limitations
can be 1incorporated into Claims to avoid prior art references,
but 1f a negative limitation 1s not included i a Claim,
absence of said element 1s not an indication that the element
1s not present 1n a present mvention system at least at one
location therein, wherein the Claim 1s premised by “com-
prising”’.

It 1s also noted that various elements not relied upon to
provide novelty, but mentioned 1n this Application are not
specifically presented in the Drawings. Examples are wave-
length filters, beam splitters, slits and fiber optics as part of
a source of a beam of electromagnetic radiation, cylindrical
optics, spherical optics applied 1n beam resolution at a
detector, planar gratings, and various source types a laser,
LED, broadband, FTIR, globar, incandescent arc lamp, etc.
Such elements are well known 1n the art, and can be found
presented and described 1n, for instance, Patents Assigned to
the J.A. Woollam Co., Inc., as 1dentified and available on the
PTO Website. There are presently about 195 such Patents,
and they are all incorporated heremnto by reference. Appli-
cant reserves the right to import content from the 1dentified

Patents.
FIGS. 8A-8D are adapted from Patents to Liphardt and

Liphardt et al., U.S. Pat. Nos. 7,777,878; 8,345,242; and
8,749,782, however, use 1n a Snapshot system 1s new. The
identifiers from said Patent are maintained.

FIGS. 8A and 8B show digital light processors (DLP’s)
applied to control wavelength content 1n beam of electro-
magnetic radiation, and to control input to a plurality of
detector elements 1n a detector, respectively. In FIG. 8A a
source (S) (element (2)) 1n earlier figures, 1s shown to
provide a spectroscopic beam of electromagnetic radiation
directly to a Dispersion element (DISP) which serves to
provide a spatially distributed array of wavelengths to the
digital light processor (DLP). The (DLP) i1s operated to
direct desired wavelengths toward a Snapshot ellipsometer.
FIG. 8B receives output of a Snapshot ellipsometer which
corresponds to a location on a sample therein, (1e. element
(3)) 1 previous Figures herein, via a dispersion element
(DISP), which provides a spatially distributed array of

wavelengths to the digital light processor (DLP). The (DLP)
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1s operated to direct desired wavelengths mto a detector
(DET). Note also that unwanted wavelengths are directed to
impinge on a barrier (BB). This prevents them from acci-
dently degrading wavelengths sent to the detector (SET)

FIG. 8C shows a dual digital light processor (DLP)
system for directing signals from a desired location on a
sample, as well as controlling wavelength content of the
signals entering a detector. Note that output form a sample
impinge on a first digital light processor (DLP1), which
directs portions thereof that correspond to a location on a
sample it 1s desired to mnvestigate. Electromagnetic radiation
corresponding to selected sample regions 1s then forwarder
to a grating (), and then to a second (DLP2), which selects
desired wavelengths to send on to a detector (DET). Again,
unwanted electromagnetic radiation, this time based on
location on a sample as well as wavelength, 1s directed to
impinge on a barrier (BB). This system allows selection of
location on a sample to investigate at desired wavelengths.
Of course, where a FIG. 8C system 1s applied, a FIG. 8A
system will be at somewhat redundant, though there could
be reasons for applying both systems simultaneously.

FIG. 8D shows digital light processor elements oriented
differently from one another. It 1s included to provide good
insight as to what a (DLP) 1s doing. Flements therein are
physically oriented to direct electromagnetic radiation
impinging thereupon as desired via reflection therefrom.

FIG. 9 demonstrates a combination of FIGS. 1B, 8A and
8B. The FIG. 1B source (2) 1s shown as a combination of
clements shown 1n FIG. 8A, with an aperture (AP) added to
simulate an eflective point source as indicated in FIG. 1B.
Further, the detector (8) in FIG. 1B 1s shown as a combi-
nation of elements in FIG. 8B. FIG. 9 1s a demonstrative
composite representation of new material 1 the present
application. It 1s to be noted that, considering only the
clements (6) through to the detector per se.(DET) demon-
strates a spectropolarimeter, as adapted by the present dis-
closure.

Having hereby disclosed the subject matter of the present
invention, it should be obvious that many modifications,
substitutions, and variations of the present invention are
possible 1n view of the teachings. It 1s therefore to be
understood that the mnvention may be practiced other than as
specifically described, and should be limited 1n breadth and
scope only by the Claims.

We claim:

1. An ellipsometer comprising:

a) a source of a beam of electromagnetic radiation (2);

b) a polarization state generator (4);

c) a sample (5) positioned to interact with a beam of
clectromagnetic radiation at a known angle of 1nci-
dence;

d) a polarization state analyzer (6), and

¢) a multi-element detector (8) of electromagnetic radia-
tion;

such that 1n use, a beam of electromagnetic radiation (3) 1s
generated by said source of a beam of electromagnetic
radiation (2), and 1s caused to interact with said polarization
state generator (4), said sample (5), said polarization state
analyzer (6), and said multi-element detector (8), said polar-
ization state generator (4) and/or said polarization state
analyzer (6) further contain at least one of the following
spatially varying compensators (10):

a combination of two or more birelringent optics (16)
with crystal axes oblique to each other and spatial
thickness variation; and

an array of retarding elements (13)(14) not structured on
the order of the measured wavelength(s);
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said spatially varying compensators (10) functioning to
impart a plurality of spatially separated polarization states
such that a spatial distribution of intensities over a cross-
sectional area of said beam results, which, after interacting
with the polarization state analyzer (6) are detected at a
corresponding multiplicity of positions by a corresponding
plurality of spatially distributed elements 1n said detector

(8);
said ellipsometer being distinguished by at least one selec-
tion from the group consisting of:

said source (2) of a beam of electromagnetic radiation (3)

1s spectroscopic and said ellipsometer further com-
prises a combination of a dispersing element (DISP)
and a digital light processor (DLP) which 1s comprised
of a plurality of separately operable elements (MM),
such that in use said source provides multiple wave-
lengths to said dispersing element, and said digital light
processor 1s operated to direct selected wavelengths
toward said sample (5); and

said detector (8) 1s preceded by at least one digital light

processor (DLP) which 1s/are comprised of a plurality
of separately operable elements (MM), such that in use
one or more a selected location(s) on said sample (5)
are detected at one or more desired wavelengths by
operation of said at least one digital light processor
(DLP);

which intensities can be analyzed to determine sample

properties.

2. An ellipsometer as in claim 1, which further comprises
at least one 1maging element present between the spatially
varying compensators (10) and said multi-element detector
(8) to improve resolution regarding correspondence between
specific points on said spatially varying compensators (10)
and said detector (8).

3. An ellipsometer as 1 claim 1, in which the beam
provided by said source of a beam of electromagnetic
radiation (2) comprises multiple wavelengths, and 1n which
said detector (8) 1s two-dimensional, and wherein said
cllipsometer further comprises at least one wavelength sepa-
rating element (7) prior to said detector (8), such that in use
the polanization eflects of the sample can be determined for
multiple wavelengths at each location of a sample mvesti-
gated.

4. An ellipsometer as in claim 3 1n which the at least one
wavelength separating element (7) 1s selected from the
group consisting of:

a planar or curved diflraction grating;

a dispersing prism; and

an attenuating or reflecting filter element that transmits,

blocks, or reflects different wavelengths at different
positions thereof.

5. An ellipsometer as in claim 3 1n which at least one
additional focusing optic resolves the spectral variation
caused by said wavelength separating element (7) onto one
dimension of the detector (8).

6. An cllipsometer as 1n claim 1 1n which said source of
a beam of electromagnetic radiation (2) 1s selected from the
group consisting of:

a broadband or monochromatic laser:;

a broadband or narrowband LED:;

a monochromator;

a broadband source;

a FI'IR source;

a globar source;

an incandescent source; and

an arc lamp.
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7. An ellipsometer as 1n claim 1 1n which multiple sources
of a beam of electromagnetic radiation (2) are used 1n
combination to extend the wavelength range or to provide a
more uniform intensity profile across the measured electro-

magnetic spectrum.

8. An ellipsometer as 1n claim 1 which further contains a
beam splitting element and the intensity profiles of both
resulting beams are detected 1n order to improve data quality
or provide an 1mage of the beam profile or sample surface.

9. An ellipsometer as 1 claam 1 in which a spatially
varying compensator (10) 1s present 1n both the polarization
state generator (4) and polarization state analyzer (6), and
where the spatial modulation of the two elements are opti-
cally overlaid with a known relationship using imaging
optics and/or low divergence 1llumination.

10. An ellipsometer as in claim 9 1n which the spatially
varying compensators impart different effective modulation
frequencies onto the detector through magnifying optics,
variations in spatially varying compensator characteristics,
and/or converging or expanding 1llumination.

11. An ellipsometer as 1n claim 10 1n which the effective
spatial modulation frequencies of the polarization state

analyzer (6) and polarization state generator (4) are 1maged
at a ratio of 1:3, 3:1, 1:5, 5:1, 3:5, or 5:3 onto the detector
(8).

12. An ellipsometer as 1n claim 1 1n which an angle of
incidence of the electromagnetic beam to a surface of said
sample 1s adjustable.

13. An ellipsometer as 1n claim 1 1n which the source of
a beam of electromagnetic radiation (2) 1s the output from a
monochromator, an optical fiber, or a pinhole so that the
beam has spectral or spatial characteristics provided thereby.

14. An ellipsometer as i claim 1 in which the beam of
clectromagnetic radiation provided by said source of a beam
of electromagnetic radiation (2) does not approach the
sample surface along a locus normal to, or substantially
normal thereto.

15. An ellipsometer as 1n claim 1 which 1s characterized
by at least one selection from the group consisting of:
the source does not comprise one or more lasers, and
there 1s no series combination of a slit and wedge shaped

compensator element between the source and the

sample.

16. An ellipsometer as in claim 1, 1n which said polar-
ization state generator (4) and/or said polarization state
analyzer (6) are comprised of at least one spatially varying
compensator (10) selected from the group consisting of: a
combination of two or more birefringent optics (16) with
crystal axes oblique to each other and having spatial thick-
ness variation; and a compensating optic (13) (14) not
structured on an order of the measured wavelength(s), but
comprising a spatial array having multiple zones presenting
the same retardation but with independent optical axes, at
least two of which are rotated with respect to one another.

17. An ellipsometer comprising:

a) a source of a beam of electromagnetic radiation (2);

b) a polarization state generator (4);

¢) a sample positioned to interact with a beam of elec-

tromagnetic radiation at a known angle of incidence;

d) a polarization state analyzer (6); and

¢) a multi-element detector (8) of electromagnetic radia-

tion;
said ellipsometer being characterized 1n that both said polar-
ization state generator (4) and said polarization state ana-
lyzer (6) comprise at least one element having a plurality of

locations (13) (14), or a plurality of elements each having at
least one location (16), or a combination thereof, each of
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said element locations serving to eflect beam polarization
characteristics that depend on how a portion of said beam
cross-sectional area interacts with at least one of said loca-
tions therein;

such that in use the beam of electromagnetic radiation
generated by said source of a beam of electromagnetic
radiation (2) 1s caused to interact with said polarization state
generator (4), said sample (5), and said polarization state
analyzer (6), such that a spatial intensity distribution results
over the cross-section of said beam and a corresponding
plurality of locations 1n said beam cross-section are sub-
stantially simultaneously detected by said multi-element
detector (8);

such that in use, said intensity profile 1s analyzed using
knowledge of the properties of the polarization state gen-
crator (4) and polarization state analyzer (6) to characterize
properties of said sample (5);

said ellipsometer being distinguished by at least one selec-
tion from the group consisting of:

said source of a beam of electromagnetic radiation (2) 1s
spectroscopic and said ellipsometer further comprises a
combination of a dispersing element and a digital light
processor which 1s comprised of a plurality of sepa-
rately operable elements, such that in use said source
provides multiple wavelengths to said dispersing ele-
ment, and said digital light processor 1s operated to
direct selected wavelengths toward said sample; and

said detector 1s preceded by at least one digital light
processor which 1s/are comprised of a plurality of
separately operable elements, such that 1n use one or
more a selected location(s) on said sample are detected
at one or more desired wavelengths by operation of said
at least one digital light processor.

18. An ellipsometer as 1n claim 17, 1n which said polar-
ization state generator (4) and/or said polarization state
analyzer (6) are comprised of at least one spatially varying
compensator (10) selected from the group consisting of:

a combination of two or more birefringent optics (16)
with crystal axes oblique to each other and having
spatial thickness varnation; and

a compensating optic (13)(14) not structured on an order
of the measured wavelength(s), but comprising a spa-
tial array having multiple zones presenting the same
retardation but with independent optical axes, at least
two of which are rotated with respect to one another.

19. A spectropolarimeter comprising:

a) an opening through which a beam of electromagnetic
radiation 1s accessed;

b) a polarization state analyzer (6);

¢) a wavelength separating element (7); and

d) a multi-element detector (8) of electromagnetic radia-
tion;

such that in use, said beam of electromagnetic radiation
enters said spectropolarimeter and 1s caused to interact with
said polarization state analyzer (6) wavelength separating
clement, and said multi-element detector (8);

said polarization state analyzer (6) comprising at least one of
the following spatially varying compensators (10):

a combination of two or more birelringent optics with
crystal axes oblique to each other and spatial thickness
variation; and

an array of retarding elements not structured on the order
of the measured wavelength(s);

that function to 1mpart a plurality of polarization states that
result 1n a spatial distribution of intensities over a cross-
section of said beam by interaction with the polarization
state analyzer (6);

such spectropolarimeter being characterized in that, 1n use,
intensities are detected at multiple positions 1n said distri-
bution thereof by a corresponding plurality of elements of
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said detector (8) by elements of a digital light processor, at least one wavelength separating element (7) prior to
which intensities can be analyzed to determine sample said detector (8), such that 1in use the polarization
properties. cllects of the sample can be determined for multiple
20. A method of characterizing a sample (5), comprising, wavelengths at each location of a sample mnvestigated,
the steps of: 5 and 1 which the at least one wavelength separating
a) providing an ellipsometer comprising;: clement (7) 1s selected from the group consisting of:

a') a source of a beam of electromagnetic radiation (2);

b') a polarization state generator (4);
c') a sample (5) positioned to interact with a beam of

a planar or curved diflraction grating;
a dispersing prism; and
an attenuating or retlecting filter element that transmuts,

clectromagnetic radiation at a known angle of 1nci- 10 blocks, or retlects different wavelengths at different
dence; positions thereof;

d") a polarization state analyzer (6), and 4) said beam provided by said source of a beam of

¢') a multi-element detector (8) of electromagnetic clectromagnetic radiation (2) comprises multiple wave-

radiation; lengths, and 1n which said detector (8) 1s two-dimen-

such that 1n use, a beam of electromagnetic radiation (3) 15 stonal, and wherein said ellipsometer further comprises

1s generated by said source of a beam of electromag-
netic radiation (2), and 1s caused to interact with said
polarization state generator (4), a sample (35), said
polarization state analyzer (6), and said multi-element
detector (8), said polarization state generator (4) and/or
said polarization state analyzer (6) further contain at
least one of the following spatially varying compensa-

tors (10):

a combination of two or more birefringent optics (16)
with crystal axes oblique to each other and spatial
thickness variation; and

an array ol retarding elements (13)(14) not structured
on the order of the measured wavelength(s);

said spatially varying compensators (10) functioning to

impart a plurality of spatially separated polarization

states such that a spatial distribution of intensities over

a cross-sectional area of said beam results, which, after

interacting with the polarization state analyzer (6) are

directed by a digital light processor toward, and are
detected by a corresponding multiplicity of positions
by a corresponding plurality of spatially distributed

clements 1n said detector (8);

b) causing said source of a beam of electromagnetic

radiation (2) to provide a beam of electromagnetic
radiation (3) which 1s directed to interact with said a
polarization state generator (4), interact with a sample
(5), mteract with said a polarization state analyzer (6),
and enter said multi-element detector (8) of electro-
magnetic radiation;
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at least one wavelength separating element (7) prior to

said detector (8), such that in use the polarization

cllects of the sample can be determined for multiple
wavelengths at each location of a sample mvestigated;
and there 1s at least one additional focusing optic
resolves the spectral variation caused by said wave-
length separating element (7) onto one dimension of the
detector (8);

5) said source of a beam of electromagnetic radiation (2)
1s selected from the group consisting of:
a broadband or monochromatic laser;

a broadband or narrowband LED:;
a monochromator;

a broadband source;

a FIIR source;

a globar source;

an incandescent source; and

an arc lamp;

6) multiple sources of a beam of electromagnetic radiation
(2) are used in combination to provide a wider spec-
{rum;

7) said ellipsometer further contains a beam splitting
clement and the intensity profiles of both resulting
beams are detected 1n order to improve data quality or
provide an 1mage of the beam profile or sample surface;

8) said ellipsometer comprises a spatially varying com-
pensator (10) 1s present in both the polarization state
generator (4) and polarization state analyzer (6), and
where the spatial modulation of the two elements are

¢) accessing data provided by said detector (8) 1n response 45 optically overlaid with a known relationship using
to the electromagnetic radiation input thereto, and imaging optics and/or low divergence 1llumination;

d) analyzing said data to characterize said sample (3). 9) said ellipsometer comprises a spatially varying com-

21. A method as in claim 20, which 1s further character- pensator (10) present in both the polarization state

1zed by at least one selection from the group consisting of: generator (4) and polarization state analyzer (6), and

1) said ellipsometer further comprises at least one 1mag- 50 where the spatial modulation of the two elements are

ing element present between the spatially varying com-
pensators (10) and said multi-element detector (8) to
improve resolution regarding correspondence between
specific points on said spatially varying compensators

(10) and said detector (8);

2) said beam provided by said source of a beam of

clectromagnetic radiation (2) comprises multiple wave-
lengths, and 1n which said detector (8) 1s two-dimen-
stonal, and wherein said ellipsometer further comprises
at least one wavelength separating element (7) prior to
said detector (8), such that i use the polarization
cllects of the sample can be determined for multiple
wavelengths at each location of a sample investigated;

3) said beam provided by said source of a beam of

clectromagnetic radiation (2) comprises multiple wave-
lengths, and 1n which said detector (8) 1s two-dimen-
stonal, and wherein said ellipsometer further comprises
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optically overlaid with a known relationship using

imaging optics and/or low divergence 1llumination, and

the spatially varying compensators impart different

cllective modulation frequencies onto the detector
through magnifying optics, variations in spatially vary-
ing compensator characteristics, and/or converging or
expanding 1llumination;

10) said ellipsometer comprises a spatially varying com-
pensator (10) 1s present 1n both the polarization state
generator (4) and polarization state analyzer (6), and
where the spatial modulation of the two elements are
optically overlaid with a known relationship using
imaging optics and/or low divergence 1llumination, 1n
which the effective spatial modulation frequencies of
the polarization state analyzer (6) and polarization state
generator (4) are at a ratio of 1:3, 3:1, 1:5, 3:1, 3:5, or
5:3;
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11) an angle of mcidence of the electromagnetic beam to
a surface of said sample 1s adjustable;

12) the source of a beam of electromagnetic radiation (2)
1s the output from a monochromator, an optical fiber, or
a pinhole so that the beam has spectral or spatial
characteristics provided thereby;

13) the beam of electromagnetic radiation provided by
said source of a beam of electromagnetic radiation (2)
does not approach the sample surface along a locus
normal to, or substantially normal thereto; and

14) the ellipsometer 1s characterized by at least one
selection from the group consisting of:
the source does not comprise one or more lasers, and
there 1s no series combination of a slit and wedge

shaped compensator element between the source and
the sample;

15) said ellipsometer 1s characterized by said source of a
beam of electromagnetic radiation (2) being spectro-
scopic and said ellipsometer further comprises a com-
bination of a dispersing element and a digital light
processor which 1s comprised of a plurality of sepa-
rately operable elements, such that 1n use said source
provides multiple wavelengths to said dispersing ele-
ment, and said digital light processor 1s operated to
direct selected wavelengths toward said sample.

22. A method of characterizing a sample (5), comprising

the steps of:

a) providing an ellipsometer comprising:

a') a source of a beam of electromagnetic radiation (2);

b') a polarization state generator (4);

¢') a sample (8) positioned to interact with a beam of
clectromagnetic radiation at a known angle of 1nci-
dence;

d") a polarization state analyzer (6);

¢') a digital light processor; and

') a multi-element detector (8) of electromagnetic
radiation;

said ellipsometer being characterized in that both said
polarization state generator (4) and said polarization
state analyzer (6) comprise at least one element having,
a plurality of locations (13) (14), or a plurality of
clements each having at least one location (16), or a
combination thereof, each of said element locations
serving to ellect beam polarization characteristics that
depend on how a portion of said beam cross-sectional
area interacts with at least one of said locations therein;

such that 1n use the beam of electromagnetic radiation
generated by said source of a beam of electromagnetic
radiation (2) 1s caused to interact with said polarization
state generator (4), said sample (3), and said polariza-
tion state analyzer (6), such that a spatial intensity
distribution results over the cross-section of said beam
and a corresponding plurality of locations 1n said beam
cross-section, at least some of which intensities are
substantially simultaneously directed toward and
detected by said multi-element detector (8) by said
digital light processor;

such that 1n use, said intensity profile 1s analyzed using
knowledge of the properties of the polarization state
generator (4) and polarization state analyzer (6) to
characterize properties of said sample (5);

b) causing said source of a beam of electromagnetic
radiation (2) to provide a beam of electromagnetic
radiation (3) which 1s directed to interact with said
polarization state generator (4), interact with a sample
(5), interact with said a polarization state and enter said
detector (8);

28

¢) accessing data provided by said detector (8) 1n response
to the electromagnetic radiation 1nput thereto;

d) analyzing said data to characterize said sample (5).

23. Amethod as 1n claim 22 which 1s further characterized

> by at least one selection from the group consisting of:
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1) said ellipsometer further comprises at least one 1mag-
ing element present between the spatially varying com-
pensators (10) and said multi-element detector (8) to
improve resolution regarding correspondence between

specific points on said spatially varying compensators
(10) and said detector (8);

2) said beam provided by said source of a beam of
clectromagnetic radiation (2) comprises multiple wave-
lengths, and 1n which said detector (8) 1s two-dimen-
stonal, and wherein said ellipsometer further comprises
at least one wavelength separating element (7) prior to
said detector (8), such that in use the polarization

cllects of the sample can be determined for multiple
wavelengths at each location of a sample imnvestigated;

3) said beam provided by said source of a beam of
clectromagnetic radiation (2) comprises multiple wave-
lengths, and 1n which said detector (8) 1s two-dimen-
stonal, and wherein said ellipsometer further comprises
at least one wavelength separating element (7) prior to
said detector (8), such that in use the polarization

cllects of the sample can be determined for multiple
wavelengths at each location of a sample mnvestigated,
and 1n which the at least one wavelength separating
clement (7) 1s selected from the group consisting of:
a planar or curved diflraction grating;

a dispersing prism; and

an attenuating or retlecting filter element that transmuts,
blocks, or reflects different wavelengths at different
positions thereof;

4) said beam provided by said source of a beam of
clectromagnetic radiation (2) comprises multiple wave-
lengths, and 1n which said detector (8) 1s two-dimen-
stonal, and wherein said ellipsometer further comprises
at least one wavelength separating element (7) prior to
said detector (8), such that 1n use the polarization

cllects of the sample can be determined for multiple
wavelengths at each location of a sample imvestigated;
and there 1s at least one additional focusing optic
resolves the spectral variation caused by said wave-
length separating element (7) onto one dimension of the
detector (8);

5) said source of a beam of electromagnetic radiation (2)
1s selected from the group consisting of:
a broadband or monochromatic laser;

a broadband or narrowband LED:;
a monochromator;

a broadband source;:

a FIIR source;

a globar source;

an incandescent source; and

an arc lamp;

6) multiple sources of a beam of electromagnetic radiation
(2) are used 1n combination to provide a spectrum;

7) said ellipsometer further contains a beam splitting
clement and the intensity profiles of both resulting
beams are detected 1n order to improve data quality or
provide an 1image of the beam profile or sample surface;

8) said ellipsometer comprises a spatially varying com-
pensator (10) 1s present 1n both the polarization state
generator (4) and polarization state analyzer (6), and
where the spatial modulation of the two elements are
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optically overlaid with a known relationship using

imaging optics and/or low divergence 1llumination;

9) said at least one element in each of said polarization
state generator (4) and said polarization state analyzer
(6) having a plurality of locations (22) (13), or a
plurality of elements each having at least one location
(16), or a combination thereot, provide that the spatial
modulation of the two elements are optically overlaid
with a known relationship using imaging optics and/or
low divergence 1llumination;

10) said at least one element in each of said polarization
state generator (4) and said polarization state analyzer
(6) having a plurality of locations (22) (13), or a
plurality of elements each having at least one location
(16), or a combination thereot, provide that the spatial
modulation of the two elements are optically overlaid
with a known relationship using imaging optics and/or
low divergence illumination, 1n which the eflective
spatial modulation frequencies of the polarization state
analyzer (6) and polarization state generator (4) are at
a ratio of 1:3, 3:1, 1:5, 5:1, 3:5, or 5:3;

11) an angle of incidence of the electromagnetic beam to
a surface of said sample 1s adjustable;

12) the source of a beam of electromagnetic radiation (2)
1s the output from a monochromator, an optical fiber, or
a pmhole so that the beam has spectral or spatial
characteristics provided thereby;

13) the beam of electromagnetic radiation provided by
said source of a beam of electromagnetic radiation (2)
does not approach the sample surface along a locus
normal to, or substantially normal thereto; and

14) the ellipsometer 1s characterized by at least one
selection from the group consisting of:

the source does not comprise one or more lasers, and

there 1s no series combination of a slit and wedge shaped
compensator element between the source and the
sample; and

15) said ellipsometer being distinguished by at least one

selection from the group consisting of:

said source (2) of a beam of electromagnetic radiation
(3) 1s spectroscopic and said ellipsometer further
comprises a combination of a dispersing element
(DISP) and a digital light processor (DLP) which 1s
comprised of a plurality of separately operable ele-
ments (MM), such that i use said source provides
multiple wavelengths to said dispersing element, and
said digital light processor i1s operated to direct
selected wavelengths toward said sample (3); and

said detector (8) 1s preceded by at least one digital light
processor (DLP) which 1s/are comprised of a plural-
ity of separately operable elements (MM), such that
in use one or more a selected location(s) on said
sample (3) are detected at one or more desired
wavelengths by operation of said at least one digital
light processor (DLP).

24. A method of determining the polarization state of a
beam of electromagnetic radiation for a range of wave-
lengths, comprising the steps of:

a) providing a spectropolarimeter comprising:

a') an opening through which a beam of electromag-
netic radiation 1s accessed:;

b') a polarization state analyzer (6);

c') a wavelength separating element (7);

d") a digital light processor; and

¢') a multi-element detector (8) ol electromagnetic
radiation;
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such that 1n use, said beam of electromagnetic radiation
enters said spectropolarimeter and 1s caused to interact

with said polarization state analyzer (6), wavelength
separating element, and said multi-element detector

(8):
said polarization state analyzer (6) comprising at least one
of the following spatially varying compensators (10):
a combination of two or more birefringent optics with
crystal axes oblique to each other and spatial thick-

ness variation; and
an array ol retarding elements not structured on the
order of the measured wavelength(s);

that function to impart a plurality of polarization states
that result 1n a spatial distribution of intensities over a
cross-section of said beam by interaction with the
polarization state analyzer (6);

such spectropolarimeter being characterized in that, in
use, at least some 1ntensities are directed by said digital
light processor so that multiple positions in said distri-
bution thereof correspond to a plurality of elements of
said detector (8) and said intensities are analyzed to
determine the polarization state of the beam for a range
of wavelengths;

b) accessing a beam of electromagnetic radiation;

¢) accessing data provided by said detector (8) in response
to the accessed beam of electromagnetic radiation input
thereto, and

d) analyzing said data to characterize said beam of
clectromagnetic radiation.

25. An ellipsometer comprising:

a) a source ol a beam of electromagnetic radiation (2);

b) a polarization state generator (4);

¢) a system for causing a collimated or non-collimated
beam of electromagnetic radiation (3) to interact with a
sample (3) at a known angle of incidence;

d) a polarization state analyzer (6), and

¢) a multi-element detector (8) of electromagnetic radia-
tion;

such that in use, a beam of electromagnetic radiation (3) 1s
generated by said source of a beam of electromagnetic
radiation (2), and 1s caused to interact with said polarization
state generator (4), the sample (5), said polarization state
analyzer (6), and said multi-element detector (8);

said polarization state generator (4) and/or said polarization
state analyzer (6) further being comprised of at least one
spatially varying compensator selected from the group con-
sisting of:

a combination of two or more birefringent optics (16)
with crystal axes oblique to each other and having
spatial thickness varnation; and

a compensating optic (13)(14) not structured on an order
of the measured wavelength(s), but comprising a spa-
tial array having multiple zones presenting the same
retardation but with independent optical axes, at least
two of which are rotated with respect to one another;

said at least one spatially varying compensator (10) func-
tioning to impart a plurality of spatially separated polariza-
tion states such that a spatial distribution of intensities over
a cross-sectional area of said beam results, which, after
interacting with the polarization state analyzer (6) are
detected at a corresponding multiplicity of positions by a
corresponding plurality of spatially distributed elements 1n
said detector (8)

which can be analyzed to determine sample properties.
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